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The perfom~~~~8 chsracterfstics  of the centrim cc4qpIwssor
of a J33 &t-propulsion engine inetalled on a test stand were
aete-. 'phe lnve8tigatm ~t88 Oapdactea 0-r 8 ~apge 0f
cmpressor-Impel tip speeds between1025 and1435 feet per
secondEtndarange of turbine-inlettemperaturesbeWeen142S0
and 2000° R. ThIsrmgeofperfomsnce , mater than that covered
in service operation, wsa made possible by the attacbmnt  of a
dynammeterto the englm,vhichpemittedtheeqmedtobeheld
constant over the range of turbine-inlet tmQgerature8. The per-
fonnance characteristics sre presented 88 functions of air flow
and mnpreseor  tip speeds corrected to aea-level static conditions.

The Grimm ccmpressor effidency observed wss 73 percent at
a compressor-impeller tip speed of 1025 feet per second and a pres-
sure ratio of 2.04. The efficiency vsried approximately 3 percent
as trains-inlettermpe~t~  WEbBvarledateachof the engim
speeds investigated. At a corrected cmgressor-ixugeller -Up speed
of 1435 feet per second, the ccmpressor efficiency wss 71.2 percent;
the correctedcampressorairflowwae  65.6 poundspereecond;  the
compressor pressure ratio was 3.52; and the cmpressor pressure
coefficient wss 0.656.

The efficiency contours on ths ocmpressor &fo-ce chart
Oom=athatthe jet engine operatse atcom%LtWns machthatthe
quantities of afr O-ma 8re greater than those form ma-
pressor efflciencg.

UNCLASSIFIED.
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!Phepe?mmmce of a Bmqton cycle gas-turbine  en&m is vsrg
olosely rekdiea to the chmacteristics of the particplar ccmpressor
US&.. The thermalefficie~yazldpowsrbevelo~by suchanengizlb
Is InfhenceiLto alarge extentbytheprrts8ure ratio, the aircapa-
city, anil the a&Labatic efficiency of the cmxpessor.
gener8l 0nalysls of the perfomance

Aspartofa
ofttmblm-propellerengInes,  a

test-stand Investigation  of the perfomance of a 533 (I-40) jet-
propulslonenglnewss  comkctedattheRACA  ClewOandlabo~toryto
detenrains (1) the over-all englue perf
tgnoe 1, and (2) the perf

camsme, presented ip mfer-
omsnce

ccpngonazrt;is  . Previous perf-
uharacteriutfcs  of the various engine
edataofcanrpmssorsaslargessthe

533 cmupessorwere llmitedto anoperatinglina for one tall-pipe
flow area; however, for this repcmt, the perfonnanm oharacteristics  of
the canpesaor wers obtained over aswide arange of operating oonditions
aa possible  in order that the relations Between the chsmcteristlcs
of the coqzwssoranbthose of the otherengine ccanponantsmightbe
evaluated. Performesae data of a 533 ccmp~ssor over a remge of air
flows grea;L;erth8nthhenc0untema  inservice 0perati0n,whichwae
made possible by the attachmenttotheengineofadynmmeterthat
pelmitted~ ~peedtobehelac~tant  overarange oftmblne-
inlet teqeratu2-e, am p8sentsa.

IESCRIFTIOROFCO~R

The oompressor  unit of the $33 (I-40) engine is comprised of
an Impeller, a compremsor -sing, a diffuser, bearing supports,
guide blades, and trues rings.

The double-entry  centrifugal  impeller (fig. 1) fs mschimd
from an alumlnm~forglng; each side has 31 blades that discharge
theairintoa comum diffuser. Ths outer blade tip diameter is
30 in&es and the I.nner blade tip diameter is 14 fnches. The
diameter of the bpeller hub is 8 inches. The axial width of the
Impeller hub is 11 inches and the axial width of the impeller at
the outer blade tips is 2.75 Inuhee. The impeller is supported an
antifriction bearings by stub shafts attached to the front azxl the
rear ad is directly comected to the turbine.

The oompressor  easing omaiete of two mgneslum-alloy
caeings, which are separated axially by a mgnemium-alloy  diffuser.

The diffuser ie csst with 14 channels radiating outwards on
all sides, which distribute the air into the 14 air adapters leading
to the 14 cmubu8tlon ehanibers.
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A truss ring ib bolted to each side of the compressor casing
end serves to support the compressor-bearing supports. The guide
blades occupy the space under the truss rings and dire& the air
into each side of the impeller.

The compressor was designed to develop at sea level a pressure
ratio of 4.0 with an air flow of 80.0 pounds per aeocmd and a
turbine speed af ll,500 qn.

The compressor was investigated as a ccqonent of a 533 engine
that was directly coupled to an inductor-brake dynamometer and
mounted on a bedplate suspended on cables. Thie suepension
afforded measurement of Jet thrust, which was determined by a strain-
gage weighing device developed at the NACA. A tail pipe 21 inches
in diameter and 60 inches in length was attached to the engine tail
cone. The air-flow characteristics  of the engine were not altered
by the installation and ambient conditions for the engine during
the investigation were sea-level atmospheric.

The engine was instrumented to obtain gas tenrperatures and
pressures at the statione shown in figure 2. Measurements of total
and static pressure and temperature at station 1 indioated ambient
conditions. At staticn 2, alternate air adapters oontained an ircs~-
constsntan thermocouple and a pitot tube 80 located in the air
strf3sm as to give representative values of total and static pree-
axe. The thermocouples were of the unshielded type, and the static
and total pitot pressure tubes were designed and fabricated according
to A.S.M.E. standards.

Conditions at station 4 were determined from total-pressure,
static-pressure,and  temperature instrumentation installed in a tail-
pipe section 4 inches lw, whioh was attached to the engine tail
cone. This instrument ring contained 2 static-pressure tubes,
2 total-pressure tubes, and 14 unshielded thermocouples and is
similar to that used by the General Electric Company for static
calibration of engines.

The fuel flow to the engine was measured by a calibrated rotam-
eter.
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SYMEmIs

The following symbols and values are used in'this report:

-8, bs. ft)

speed of sound in air, (ft/sec)

speoffic heat of gas at constant pressure, (Btu/lb/'R)

specific heat of gas at constant volume, (Btu/lb/OR)

diameter of rotor, (ft)

acceleration of gravity, (ft/sec2)

mechanical equivalent of heat, 778, (f-t-lb/!Btu)

correction faotor for gas flow, 0.81

Mach number

engine speed

total pressure, (lb/q in.abeolute)

static preesure, (lb/sq In. absolute)

gae constant, 53.3

shaft horsepower (measured on dynamometer)

total temperature, (OR)

statici temperature, (OR)

compressor-impeller tip speed, (ft/seo)

velocity, (ft/seo)

weight flow, (lb/eec)

ratio of sPeoific heats,(op/cv) I

ratio of compressor-inlet total pressure to NACA standard
sea-level pressure, Q/14.7

c
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rl efficienoy, peroent

8 ratio of compressor-inlet total temperature to XACA atandsrd
sea-level temperature, T1/518.6

P denaity, (lb/al ft)

rL comgreeeor  pree8ure coefficient

Subscripte:

1 compreseor  inlet

2 compreesor outlet

3 turbine inlet

4 tail-pipe fnstrument ring

a a i r

C compessor

I indicated

t turbine

Mach number. - The compressor Maoh number ie defined a8 the
ratio of the epeed of the compre88or-blade  tip8 to the velocity of
sound 3n air at the total temperature of the inlet air. Thie Mach
number ie represented by the dimensionlee ratio

(1)

Temperature. - The tall-pipe etatlo temperature wa8 not
directly Micated becatie an unehielded  thermooouple  in a gae
stream of appreciable velooity indicate8 the 8iXVtlC temperature Of
the gas plu8 8ome part of the difference between static temperature
and total temperature. The proportion of thic difference, or
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dynamic temperature AT, that is indicated depend8 on the Mach
number of the fluid; however, a value of 0.6 for the proportion can
be Used throughout the operating range with reasonable  acouraoy (ref-
erence 2). Thus

Ti,4 = t4 + 0.6 AT (2)

AT = tq (3)

(4)

A direct measurement of turbine-inlet temperature is both difficult
and unsatisfactory. A value that indicate8 the trend8 of this tem-
perature with reasonable  accuracy oan be obtained by measuring the
total temperature
of the equivalent
the 8Plaft power.

of the gas aft& the turbine and adding the value
temperature drop8 of the compreesor  work and of

T3 = T4 + b (T2 - 550 8hP
CP,t T1) + J cP,t Wg (5)

Air flow. - A direct measurement of the air inducted into the
engine wa8 impO88ible with the t&pe of engine inetallation  U8ed.
The engine air flow wa8 Computed, from value8 of gas temperature and
pressure observed at the tail-pipe inetrument ring (station 4).

The a%mple expreeeion for the weight of gas flow through the
tail pipe i8

wg = A4V4P4 (6)

The expression  for the velocity of the gas ln terms of the
difference between etatic and total temperature ie

v4 =
II(

Wcp CT4 - tg) (7)
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The relation between the atatlc temperature of the gas and the
total and Static pre88lEe8  Of the ga8 i8y-l

(T4 - t4) = t4 2[ 10

Y
- 1 (8)

The equation Of et&e for a perfect gae give8 the fOllaTjng
expression for density:

P4P4 =-
=4

When the value8 obtained from equations (a), (7), (8), and
(9) aire 8Ub8tftUted  in equation (6), the final eXLpre88iOn  for weight
Of ga8 flOW i8

wg =
Kp4A4 /J/w /f- (1o)

A correction muet be applied to the tail-pipe area to allow for
the effect of the boundary layer on the total and static p29ae~res
a88OCiated with the true average velocity aOr the tail-pipe
section. Account ie taken of these two factor8 by assuming that
81 percent of the calculated value represent8 the true value. The
constant K, which appears in equation (lo), -enSateS for theee

l factors. This COn8ta& applies only t0 the COIIfigUXBtiOn of pree-
.sure tape ueed in the tail-pipe instrument  ring and is the 8ame a8
that used by the General Electric Cnmp~lclv. In order to obtain the
weight of air flow, the weight a9 fuel flow wae 8Ub8tZbCted from the
COZ'B3Cted ga8 flOW.

The follaring parameter was Used t0 COrI%Ct air fbW t0 8tandard
sea-level conditione:

EffFciency. - The expreseion for the adiabatic effioiency of
the compressor is
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?c = ieentropio temperature ri8e
actual temperature rice

r r-1 1
Tll@'-q

z
CT2 - Tl)

(11)

Preesure coefficient. - The'oompreasor preesure coeffioi.ent  is
defined a8 the square of the ratio of the compreseor-tip  Mach number
theoretically required to produoe the ObSeIV3d preeeure ratio to the
tip Msch number actually pre8ent.

The engine wae operated over a range of turbine-inlet tempera-
tures from 1425' to 2000' R at con8tant compreeeor-impeller tip
speeds of 1025, 1152, 1293, and 1435 feet per second. The epeed
limitation on the dynamometer prevented operation of the engine at
the deeigned speed range. At each tip speed, turbine-inlet tempera-
ture was varied by changing the dynamometer load and fuel flow. For
each change of turbine-inlet temperature up to a maximum of 2000' R,
data were recorded on fuel flow, temperatures, and static and total
pressures throughout the engine.

RESULTS AND DI;scITSSION

Sea-level static compre88or performance oharacteristloe
presented herein are based oa turbine-inlet temperatures and
compressor-impeller tip speeds a8 engine operating variables. All
parameter8 were generalized to NACA standard atmoepheric  oonditians
at 888 l&e1 (reference 3). An operatinglinethatrepreeentsthe
relation between the comprerseor pressure ratio and compressor-tip
Mach number for a turbine-inlet temperature of 2000' R ie 8hOwn in
figure 3. The poeition of the operatiq line with reepect to the
coordlnatels  is a function of the turbine-nozzle area, the ratio of
the turbine-nozzle-inlet  temperature to the oompreesor-inlet  tem-
perature, and ram pressure.
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Values of compreesor  effioienay calculated by we of equa-
tion (11) plotted agatiet corrected air flow for varioue compreseor-.
impeller tip epeede are shown in figWe 4.. The air flow through the
compressor decreased with an increaee in turbine-inlet temperature at
con8tant oompreesor-impeller tip speeds (fig. 5). At a com'preseor-
impeller tip sped of 1435 feet per eeoond, the efficiency wa8
71.2 peroent for a corrected air flow of 65.6 pounds per eeoond and
69.0 percent for a Corrected air flow of 68.1 pounds per 8eOOnd
(fig. 4)* Effioienoy decreased tith inorease in air flow; the
range Of effioi~oie8, of the Order Of 3 percent, wa8 approximately
the same for each compreesor-impeller tip speed. The highe8t
observed tralue for oompreersor  efficiency was 73 peroent at a
compressor-impeller tip speed of 1025 feet per second and the lowest
value Wae approximately 69 peroent at a oompressor-impeller tip speed
of 1293 feet per Becand. '

Variation of ocmpre88or  prelssure coeffioient  with change in
corrected air flow at several oompreeeor-impeller tip speed8 18
shown in figure 6. At each tip speed, the preeeure coefficient
deoreaaed with an increaee in air flow. The maxImum pressure
coefficient, 0.707 (fig. 6), was obtained at a prerssure ratio of
2.04 and an air flow of 38.6 pound8 per second at a corrected
compressor-impeller tip speed of 1025 feet per eecond (fig. 7). At
a CoZ?k?eCted aOmpre88Ot+impeller tip apeed of 1435 feet per eecond,
the maximum c~preseor eff~oienoy wa8 71.2 percent at corrected air
flow of 65.6 pound8 per eeocnd, the preseure ooefficient  wa8 0.656,
and premure ratio was 3.52 (fige. 4, 6, and 7).

The perfozmame chart of the oompreseor at several effi-
ciencies covering the range of ccmditions  inPestigated ie ehown in
figure 7. The operating line for the engine with a 19-inch nozzle
is superimposed on the figure to indicate the relation between the
range covered in this inveetigation and the jet-engine operating
range. The curve shows that the jet en&ne operate8 at conditions
8UCh that the quantities of air consumed are greater than those for
maximum compreeeor efficiency. The minimum air flow for each
oampressor-impeller tip speed v?ae United In each case byturbine-
inlet temperature and not by compressor eurge over the ran&e inves-
tigated. The CWlpPe88Or &howed no evidence of 8Llrgi33g. _

The follaring reeults were obtalned in an investigation of the
performance of the centrifugal compreesor  of a 533 jet-propulsion
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engine over a range of turbine-inlet temperature8 between 1425O and
2000' R for corrected oompreseor-impeller tip speed8 of 1025, 1152,
1293, and 1435 feet per 8eCOnd:

1. Compressor efficiency varied approximately 3 percent over
the range of air flow at each compressor-impeller tip epeed; the
highest observed Value was 73 percent at a compreseor-impeller tip
speed of 1025 feet per eecond and a pressure ratio of 2.04; the
loweet value wa8 approxAmately 69 percent at a compressor-impeller
tip speed of 1293 feet per second.

2. The maximum preseure ratio observed was 3.52 at a corrected
compreesor-impeller  tip epeed of 1435 feet per second, a corrected
air flow of 65.6 pound8 per 8eCmd, and a compreesor  efficiency of
71.2 percent. The maximum preerjure Coefficient observed was 0.707
at-a compressor-impeller tip 8peed of 1025 feet per seoond; thi8
value decreased  to 0.656 for the highest oompreesor-impeller tip
speed.

3. The effioiency contours on the compressor performance ohart
confirmed that the jet engine operate8 at condition8 SUCh that the
qtmntities  of air ommmed are greater than thO8e for maximum effi-
ciency.

Flight Propul8ion Research Laboratory,
National Advisory Committee for

Cleveland, Ohio.
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stat I on

I Compressor Inlet
2 Canpre66or  outlet
3 Turbine inlet
4 Tall-plpc instrumant.  ring

Figure 2. - Crosa section of 533 engine showing cycl'e statlons.
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Figure 3. - V a r i a t i o n  o f  c o m p r e s s o r  p r e s s u r e  r a t i o  w i t h  c o m p r e s s o r - t i p
Mach number. T u r b i n e - i n l e t  t e m p e r a t u r e ,  2000°  R .
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gum 4. - Variation of compressor efficiency with corrected air flow at four compressor-impeller
tip speeds.
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44 40 52 56 60 68
Correoteb air flow, 1, fih3, lb/sea

Figure 6. - Varlatlon of compressor pressure coefflcisnt with corrected air flow at four compressor
Impeller tip speeds.
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Performance in

19-lnoh nozzle

40 44 4i3 52 56 60 68 72
CO&xtsd-ali flow, U,-~8/6,  lb/sea

Figure 7. - P9rfOfmaflce  chart Of J33 mpreSSOr.
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